The influence of the chiral mean field on the K + transverse flow in heavy ion collisions at SIS energy is investigated within covariant kaon dynamics. For the kaon mesons inside the nuclear medium a quasi-particle picture including scalar and vector fields is adopted and compared to the standard treatment with a static potential. It is confirmed that a Lorentz force from spatial component of the vector field provides an important contribution to the inmedium kaon dynamics and strongly counterbalances the influence of the vector potential on the K + in-plane flow. The FOPI data can be reasonably described using in-medium kaon potentials based on effective chiral models.
I. INTRODUCTION
Properties of kaons in dense hadronic matter are important for a better understanding of both, a possible restoration of chiral symmetry in dense hadronic matter and the properties of nuclear matter at high densities. It is known from chiral models that the kaon mean field is related to chiral symmetry breaking [1] . The in-medium effects give rise to an attractive scalar potential inside the nuclear medium which is in mean field approximation proportional to the kaon-nucleon Sigma term Σ KN . A second part of the mean field originates from the interaction with vector mesons [1] [2] [3] [4] [5] . The vector potential is repulsive for kaons K + and, due to G-parity conservation, attractive for antikaons K − . A strong attractive potential for antikaons may also favor K − condensation at high nuclear densities and thus modifies the properties of neutron stars [6] .
There have been extensive experimental efforts to search for the kaon in-medium properties in heavy ion collisions, in particular at intermediate energies [7] [8] [9] [10] [11] . Corresponding transport calculations revealed significant evidence for in-medium modifications of the kaon properties during the course of such reactions [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The picture was recently complemented by the measurements of K + production in proton-nucleus reactions at COSY-ANKE [22] . While A + A reactions test the kaon dynamics also at supra-normal nuclear densities, p + A reactions can not exceed saturation density. However, in the latter case the reaction dynamics is theoretically much easier to handle (due to much less secondary scatterings) and therefore the interpretation of the data is more straightforward. From the p + A data the existence of a repulsive in-medium K + potential of about 20 MeV at saturation density (U K (ρ 0 ) ≃ 20 MeV) was derived [22] .
In A + A reactions the transverse flow of K + mesons is one of specially attractive observables. It was proposed by Ko and Li [12] that the kaon flow pattern at the final stage can be used as a sensitive probe for the kaon potential in a nuclear medium. Other theoretical studies predicted similar features for the kaon flow [14, 18] . As pointed out by Fuchs at al. [19] , however, the kaon dynamics used in the above investigations is non-covariant, i.e. it is based on a static potential like force. The Lorentz-force like contribution from a typical relativistic scalar-vector type structure is missing. However, this contribution strongly counterbalances the influence of the vector potential on the K + in-plane flow which makes it more difficult to draw definite conclusions from transverse flow pattern.
In the meantime the FOPI collaboration [23] published new data of K + side flow with improved precision. These open the possibility to study this problem in more detail. In this work we apply the covariant kaon dynamics to describe the kaon in-medium properties, discuss its influence on the K + in-plane flow in heavy ion collisions, and compare to the standard treatment with a static potential. Our studies show that a relatively strong repulsive K + potential as proposed by Brown & Rho can reproduce the new FOPI data in the covariant kaon dynamics quite well and the strength of the potential is roughly consistent with recent information obtained from p + A scattering [22] .
II. THE MODEL
Due to its relativistic origin, the kaon mean field has a typical relativistic scalar-vector type structure. For the nucleons such a structure is well known from Quantum Hadron Dynamics [24] . This decomposition of the mean field is most naturally expressed by an absorption of the scalar and vector parts into effective masses and momenta, respectively, leading to a formalism of quasi-free particles inside the nuclear medium [24] .
From the chiral Lagrangian the field equations for the K ± -mesons are derived from the Euler-Lagrange equations [12] 
Here the mean field approximation has already been applied. In Eq. (1) ρ s is the baryon scalar density, j µ the baryon four-vector current, f * π the in-medium pion decay constant.
Introducing the kaonic vector potential
Eq. (1) can be rewritten in the form [19] (
Thus, the vector field is introduced by minimal coupling into the Klein-Gordon equation.
The effective mass m * K of the kaon is then given by [3, [19] [20] [21] 25 ]
Due to the bosonic character, the coupling of the scalar field to the mass term is no longer linear as for the baryons but quadratic and contains an additional contribution originating from the vector field. The effective quasi-particle mass defined by Eq. (4) is a Lorentz scalar and is equal for K + and K − . In nuclear matter at rest the spatial components of the vector potential vanish, i.e. V = 0, and Eqs. (3) reduce to the expression already given in Ref.
[12]. However, Eqs. (3) generally account for the correct Lorentz properties which are not obvious from the standard treatment of the kaon mean field [12] [13] [14] 6] .
The covariant equations of motion are obtained in the classical (testparticle) limit from the relativistic transport equation for the kaons which can be derived from Eqs. (3). They are analogous to the corresponding relativistic equations for baryons and read [19] 
Here q µ = (t, q) are the coordinates in Minkowski space and 
where the upper (lower) signs refer to K + ( K − ). The term proportional to the spatial component of the vector potential gives rise to a momentum dependence which can be attributed to a Lorentz force, i.e. the last term in Eq. (6) . Such a velocity dependent
Lorentz force is a genuine feature of relativistic dynamics as soon as a vector field is involved.
If the equations of motion are, however, derived from a static potential
as given in Refs. [6, [12] [13] [14] 18] , the Lorentz-force (LF) like contribution is missing. Noncovariant treatments are formulated in terms of canonical momenta k instead of kinetic momenta k * and then the equations of motion read
with v = k * /E * the kaon velocity. The potentials given in Eq. (7) at zero momentum by the BRP and KLP are shown in Fig. 1 , where one also shows the kaon potential determined from the kaon-nucleon scattering length using the impulse approximation (IA) [27] . In IA the energy ω(ρ, k), Eq. (7), is given as follows:
where m N is the nucleon mass andā KN ≈ -0.255 fm is the isospin-averaged kaon-nucleon scattering length in free space [28] . It is seen from Fig The K + creation mechanism is treated as described in refs. [20, 21, 25] where one uses the improved cross section of refs. [29, 30] for the baryon induced K + creation channels and of refs. [31] for the pion induced channels. The kaon production is treated perturbatively and does generally not affect the reaction dynamics [13, 20, 21, 25, 26] . The shift of the production thresholds of the kaons by the in-medium potentials are taken into account as described in [20, 21, 25] . In order to account for energy-momentum conservation it is useful to formulate the mass shell condition, Eq. (3), in terms of the canonical momenta
with
Here we introduced the total scalar kaon self-energy Σ S = m * K − m K . Since U opt is a Lorentz scalar it can also be absorbed into an effective mass
which sets the canonical momenta on the mass-shell
By definitionm K is a scalar but in contrast to m * K who's analog is the Dirac mass in the case of nucleonsm K absorbs the full optical potential and corresponds at zero momentum to the energy ω. The threshold condition for K + production in baryon induced reactions reads then
with √ s the center-of-mass energy of the colliding baryons. The momenta of the outgoing particles are distributed according to the 3-body phase space
The two-body phase space in Eq. (15) has the form
where
is the momentum of the particles 1 and 2 in the c. m. frame. Eq. (15) corresponds to a distribution of the particle momenta according to an isotropic 3-body phase space. However, in [6] a parameterization of the form
has been suggested where the kaon momentum p is distributed according to
with p max = p * ( √ s,m B +m Y ,m K ) the maximal kaon momentum in the BB c.m. frame. 
III. RESULTS
In order to study first the influence of the 3-body phase space in BB collisions we consider in Fig In order to investigate the influence of covariant dynamics on the K + in-plane flow we consider the 1.93 AGeV 58 Ni + 58 Ni collisions at impact parameter b ≤ 4 fm, corresponding to the FOPI centrality cut. The
this reaction is shown in Fig.3 . Again the BRP in-medium kaon potential has been used.
Consistent with our previous results [20] and those from other groups [16] , this figure shows that the existence of a repulsive kaon potential is required to match the experimental data [9, 11] , in particular around mid-rapidity. The influence of the nuclear EOS is thereby on the 20% level. The best agreement with the data is obtained with the soft EOS and including a kaon potential.
The next figure gives the corresponding proton flow. A p t cut of p t /m > 0.5 accounts for the experimental acceptance [7, 23] . At this high energy the dependence of the proton flow on the nuclear EOS is weak and both options, i.e. a soft and a hard EOS reproduce the FOPI data [7] reasonably well. It should be noted that the analysis has been performed for all protons. At large rapidities the experimental flow is rather well reproduced whereas From the comparison between the results in Figs. 6 and 7, on the other hand, it is found that the K + transverse flow calculated with a hard EOS gives rise to a slightly positive flow around mid-rapidity and a worse fit to the new data in the target region. This is due to the fact that the kaon in-medium potential calculated with a hard EOS is weaker than that one given with a soft EOS (see Fig.1 ). However, the K + transverse flow given with a hard EOS can also roughly describe the new data set within error bars. Thus it appears to be impossible to extract information on the nuclear EOS from the analysis of the K + side flow.
The K + transverse flow given by the KLP with a soft EOS is shown in Fig. 8 where In the present studies two types of in-medium potentials with different parameterizations have been applied. Their influence on the K + in-plane flow has been discussed. Our theoretical results show that in the covariant dynamics the new FOPI data can be reasonably described using a parameterization proposed by Brown & Rho which partially accounts for higher order corrections in the chiral expansion. The reproduction of the more recent FOPI data, in particular at spectator rapidities, requires a relatively strong repulsive K + potential, which is in good agreement with the ones determined from the kaon-nucleon scattering length using the impulse approximation [27] and also with recent information obtained from p + A reactions [22] . This finding is consistent with the description of the K + multiplicities in A + A reactions. Most transport simulations reproduce corresponding data [8] only when in-medium potentials are included [12, 14, 16, 20] . In summary, information extracted from the analysis of the K + transverse flow is consistent with the knowledge from other sources. 58 Ni + 58 Ni reactions at impact parameter b≤ 4 fm. The calculations are performed with the BRP K + in-medium potential and using a hard nuclear EOS. The FOPI data are from [7] . 
